The multitude of archaea and bacteria inhabiting extreme environments has only become evident during the last decades. As viruses apply a significant evolutionary force to their hosts, there is an inherent value in learning about viruses infecting these extremophiles. In this study, we have focused on one such unique virus-host pair isolated from a hypersaline environment: an icosahedral, membranecontaining double-stranded DNA virus-Salisaeta icosahedral phage 1 (SSIP-1) and its halophilic host bacterium Salisaeta sp. SP9-1 closely related to Salisaeta longa. The architectural principles, virion composition, and the proposed functions associated with some of the ORFs of the virus are surprisingly similar to those found in viruses belonging to the PRD1-adenovirus lineage. The virion structure, determined by electron cryomicroscopy, reveals that the bulk of the outer protein capsid is composed of upright standing pseudohexameric capsomers organized on a T = 49 icosahedral lattice. Our results give a comprehensive description of a halophilic virus-host system and shed light on the relatedness of viruses based on their virion architecture.
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virus structure | PRD1-like viruses | ORFan V iruses are the most abundant depositories of nucleic acidencoded information in the biosphere, and they outnumber their hosts by at least an order of magnitude. It has been suggested that viruses were the first compartmentalized, self-replicating entities on Earth, and that the last universal common ancestor was already infected by numerous viruses using a variety of assembly principles (1-3). As it is impossible to directly observe the early stages of emergence of life, present day viruses can help to delineate the plausible evolutionary pathways that led from the primordial soup to the amazing diversity in which life is manifested today. A prerequisite to this approach is to carefully sample different ecological niches and attempt to characterize the organisms dwelling in them (4) .
Organisms inhabiting hypersaline environments are called halophilic (for "salt loving"). There are many ways to define halophilic organisms, but often they can be classified as growing optimally at 50 g/L of salt or higher or tolerating at least 100 g/L of salt. Extremely halophilic organisms can tolerate salt concentrations approaching saturation (∼360 g/L) (5) . Although hypersaline environments support organisms from all domains of life, their inhabitants have been poorly studied. Importantly, life in extreme environments has been suggested to reflect conditions on the "early" Earth, encouraging the study of extremophiles to understand evolution (6) .
The vast majority of halophilic viruses described to date infect archaea, and they fall into a number of morphotypes with capsid architectures ranging from tailed and tailless icosahedrally symmetric viruses to pleomorphic viruses lacking well-defined shapes (7, 8) . In contrast, very little is known about halophilic viruses that infect bacterial hosts (9) (10) (11) (12) . This bias stems from the fact that bacteria from hypersaline environments have remained understudied (13) . However, during the last few decades the number of known halophilic bacterial species has increased rapidly, due to more thorough sampling and the introduction of metagenomic approaches (5) . Consequently, to better understand the rules and interactions that constitute the virus-host ecology and evolution in hypersaline biotopes, bacterial viruses and their hosts have to be brought into the limelight.
In this study, we introduce a halophilic icosahedral virus, Salisaeta icosahedral phage 1 (SSIP-1), which exemplifies a tailless bacteriophage thriving in a hypersaline environment. The SSIP-1 capsid consists mainly of pseudohexameric capsomers following a T = 49 triangulation and encloses a membrane, whose lipids are selectively derived from the host. The membrane further encloses a circular dsDNA genome. Sequencing of the genome and subsequent bioinformatics and proteomic analyses of the virion proteins revealed several previously unidentified genes, ORFans. The life cycle of SSIP-1 was determined to be lytic. However, the discovery of putative integrase and repressor/antirepressor genes suggests that there may also be a temperate phase in the life cycle. The discovery of SSIP-1 adds a piece to the puzzle of icosahedral tailless viruses with an inner membrane. These viruses form the PRD1-adenovirus structural lineage whose members share upright double β-barrel major capsid proteins (MCPs) and a similar virion architecture (1, (14) (15) (16) (17) (18) (19) . Such viruses infect cells belonging to bacteria, archaea, or eukaryotes supporting the view that these viruses are ancient and share a common origin. PRD1-like viruses can clearly be divided into those having an MCP with the canonical double β-barrel fold [e.g., PM2 (20) , vaccinia virus (21), PRD1 (15), PBCV-1 (22) , STIV (23) , and adenovirus (24) ] and to those with a more complex capsid arrangement with two MCPs [SH1 (25) , P23-77 (26), and HHIV-2 (27) ]. So far, the latter group has been found infecting only organisms from extreme conditions.
Results and Discussion
SSIP-1 Is a Virulent Bacteriophage Infecting Rod-Shaped Salisaeta sp. SP9-1 from High Salinity. During our search for new prokaryotes and their viruses from extremely halophilic environments (11), a single virus isolate designated SSIP-1 and its host bacterium Salisaeta sp. SP9-1 (SP for Sedom ponds) were found in a water sample from experimental ponds at Sedom, Israel, where water from the Dead Sea is diluted with water from the Red Sea. These mesocosms simulate the environmental effects of regulating the levels of the Dead Sea with seawater (28). SP9-1 cultures displayed a bright red color and their turbidity increased more rapidly as the salinity of the growth medium was lowered (Fig. S1A) . A partial 16S rRNA gene sequence of SP9-1 is highly similar (99.6%) to that of Salisaeta longa (11) . S. longa is a Gram-negative, rod-shaped, halophilic bacterium (Bacteroidetes) previously isolated from the Sedom ponds (29) . Indeed, only a few differences could be detected in the whole-cell protein patterns of SP9-1 and S. longa (Fig. S1B) . Moreover, under the electron microscope, SP9-1 (Fig. 1A) displayed a similar morphology to that of S. longa (Fig. 1B) .
The growth phase of the host has an effect on the plating efficiency (EOP): using logarithmic and stationary phase cultures the EOPs were 2 × 10 9 and 4 × 10 8 pfu/mL, respectively. Furthermore, SSIP-1 was unable to induce plaque formation in any of the other halophilic bacteria tested, including S. longa, Salisaeta sp. SP10-1, and five Salinibacter strains (Table S1 ). In the single-step growth experiment, the turbidity of the SSIP-1-infected SP9-1 culture started to decline after 15 h postinfection (p.i.) (Fig. 1C) . At the same time infectious viruses began to accumulate in the supernatant, indicating that in these conditions SSIP-1 lyses its host. Electron micrographs of thin-sectioned SSIP-1-infected SP9-1 cells supported these findings by revealing virus-sized particles accumulating within ruptured cells at 17 h p.i. (Fig. 1D ). SSIP-1 bound specifically, but rather slowly, onto SP9-1 cells with an approximate adsorption rate of 7.0 × 10 −9 mL/min (Fig. 1E ). SSIP-1 was unable to bind onto S. longa, suggesting that the receptor seems to be specific to SP9-1 despite the close relatedness between the two species ( Fig. 1E and Fig. S1B ).
Optimal salinity was critical for SSIP-1 virion and its life cycle. The infectivity of SSIP-1 decreased dramatically when the virus was exposed to lowered salinity (Fig. 1F) . The virus particles remained infectious in 9% (wt/vol) salt water (SW) (see composition in Table  S2 ) for 3 h. However, for longer periods, higher salinity [18% (wt/ vol) SW; Table S2 ] was needed to retain infectivity. Moreover, SSIP-1 was unable to produce plaques when the salt concentration of the growth medium was lowered below 19% (wt/vol) SW (Table S2) , although the virion remains infectious in these conditions. The EOP also increased with the increasing salinity. These results are in concert with a model where low salinity affects the adsorption of the virus onto the host by impairing receptor binding. It is also feasible that the low salinity modifies the biophysical properties of the host cell membrane or the functions of some of the enzymes critical for virus entry or exit.
Predicted Functions of SSIP-1 ORFs Suggest Sophisticated Nucleic Acid
Chemistry and the Ability to Integrate into the Host Genome. The SSIP-1 genome is a nonmethylated, circular, dsDNA molecule of 43,788 bp with a GC content of 57.2% ( Fig. 2 and Fig. S1C ). The second adenine (underlined) of the unique EcoRV cleavage site (5′-GATATC-3′) was assigned as the first nucleotide. We included all of the ORFs that encode a protein longer than 40 aa. In the following text, an ORF that is confirmed by proteomics (see below) to encode for a gene product (gp) is referred to as a gene. In total, there are 57 nonoverlapping and tightly packed ORFs putatively encoding polypeptides with variable sizes (48-2,320 residues) and having GC contents between 47.5 and 67.4% ( Fig. 2 and Table S3 ). The ORFs and genes are organized in blocks with alternating directions (at least four operons), suggesting temporal transcription regulation during different stages of the virus life cycle (Fig. 2) . Thirteen of the hypothetical proteins have predicted transmembrane helices (Table S3) .
Most of the SSIP-1 ORFs (38 of 57) were ORFans i.e., ORFs that have no detectable sequence similarity to other sequences in the databases (30, 31) . As more and more viral genomes are being sequenced, the abundance of ORFans seems to be becoming a rule rather than an exception (31) . Viruses have traditionally been regarded as pickpockets of cellular genes, and the presence of viral ORFs having no apparent homologs has been thought to be an indication of insufficient sampling of the sequence space. However, it has recently been suggested that ORFans may actually represent genes that are of "viral origin," which emphasizes the possibility that viruses are a major driving force of evolution (3).
We obtained highly significant homology scores for 19 ORFs (Table S3 ). The predicted functions of many of these ORFs were related to nucleic acid chemistry, e.g., (i) DNA invertase, resolvase, and transposase; (ii) RNA polymerase σ 70 subunit; and (iii) AAA ATPase or primase homologs were detected (Table S3 ). The structural protein gp40 harbors the canonical Walker A and B motifs and signatures of the P9/A32-specific motif found in the packaging proteins of tailless membranecontaining icosahedral viruses, e.g., PRD1 (32) (33) (34) . The giant virion structural protein gp43 (262 kDa) contains several distinct domains that reveal similarities to DNA methyltransferase, type I site-specific DNase, and the chromosome partitioning protein ParB (Table S3 ). These data suggest that SSIP-1 is capable of participating in RNA and DNA metabolism. Gene 43 is considerably larger than any of the other ORFs within the genome and could be an example of horizontal gene transfer. As no DNA or RNA polymerase could be found within the SSIP-1 genome, it is possible that gp43 might be a sophisticated molecular machine important for the replication and/or transcription of the genome.
A few putative genes seem to have predicted functions in virus entry or exit (lysozyme g and an endoglucanase-related protein; Table S3 ). Although SSIP-1 obeys a strictly virulent lifestyle in SP9-1 (Fig. 1C) , the SSIP-1 genome contains genes homologous to a phage repressor, an antirepressor, a putative integrase, and site-specific recombinase (Table S3 ). It can be envisioned that these proteins, together with other unidentified components, enable the virus to integrate into the host genome. To detect possible host genome integration, we performed colony PCR on uninfected SP9-1 and S. longa cultures using several SSIP-1-specific oligos, but were unable to detect any evidence of the presence of SSIP-1. It is conceivable that integration of SSIP-1 takes place in specific conditions or with another host. An alternative scenario is that the recombination machinery of SSIP-1 has undergone mutations and is no longer functional.
Analysis of Putative Moron-Like Elements. It seems that horizontal gene transfer is possible between viruses infecting phylogenetically distant hosts that inhabit completely different ecological niches as demonstrated, e.g., head-tail viruses ΦCh1 and ΦH (35) . We noticed that SSIP-1 ORF 25 is strikingly similar (63.7% similarity; Table S3) (26) . SSIP-1 ORF 25 is located (together with ORF 24) in an area of the genome that is flanked by ORF-free sequences (Fig. 2) . The area is moron-like (a recent genetic addition) (36, 37) , because the GC content of this region is much lower than its neighboring ORFs (Table S3) . Also other SSIP-1 ORFs have considerably lower GC contents than their neighbors (e.g., ORFs 2, 16, and 32; Table S3 ). To emphasize the possibility that SSIP-1 could have moron-like regions with their own promoter and termination sites enabling autonomous transcription (36), we analyzed the genome for Rho-independent transcription terminators, σ 70 -promoter regions and tandem repeat sequences (Table S7 and Fig. 2 ).
that might function as recognition sites for site-specific nucleases or integrases. Nine potential terminator sequences were predicted, and a high confidence value was assigned to four of these (Table  S4) . Intriguingly, three of the plausible terminators are located downstream of the operons containing ORFs 13, 23, and 29, whereas the fourth lies in between genes 46 and 47 (Fig. 2) . Indeed, SSIP-1 ORF 25 is surrounded by putative transcription terminators (Table S4) . Also, many of the tandem repeats found within the genome are located around this area, which might suggest a predisposition for recombination events (Fig. 2) . In addition, this area contains the predicted gene coding for the phage antirepressor. Four distinct σ
70
-promoter sequences were located, two of which lie upstream of putative ORFs 3 and 15 (Table S5) . Although some of the promoters might be functional, it is probable that SSIP-1 mostly employs transcription factors that are different from σ
. Most of the putative moron-like elements existed as single ORFs in the part of the SSIP-1 genome that contains the genes encoding for nonstructural proteins. This suggests that several (recent) sequential recombination events have shaped the genome and probably offered selective benefit for the virus.
Internal Membrane of SSIP-1 Virion Originates from Halophilic Host
Lipids. SSIP-1 virions were purified to near homogeneity by rate zonal and equilibrium centrifugations (Table S6) (38), which was confirmed by lipid extraction and TLC (Fig. 3B) . No major differences in the lipid compositions could be detected between SP9-1, S. longa, or Salinibacter ruber (13) (Fig. 3B) . The membranes of S. longa and S. ruber consist mostly of phosphatidylcholine, phosphatidylethanolamine, cardiolipin, glycolipid, and sulfonolipids (39, 40) . In addition, phosphatidylglycerol and phosphatidylserine are present in S. ruber but not in S. longa. The sulfonolipids (halocapnines) are characteristic of halophilic members of Bacteroidetes and might in part support the halophilic lifestyle of these organisms (39) . The lipid pattern of SSIP-1 was qualitatively similar to that of SP9-1, indicating that the virus membrane is derived from the host (Fig. 3B) . However, SSIP-1 seems to display a certain degree of selectivity in its lipid incorporation (Fig. 3B) . This phenomenon has been observed also in bacteriophage Bam35, in which the transmembrane protein complexes modulate the viral internal membrane curvature and thickness, providing a possible mechanism for lipid selectivity during virion assembly (41) . Such a mechanism may also function in SSIP-1.
The genes coding for the structural proteins of SSIP-1 (Fig. 3C  and Table S7 ) were mostly located in the same genomic region (Fig. 2) . The two most intense protein species (∼25 kDa) in the virion corresponded to the proteins gp45 and gp46. The calculated masses and the abundance suggest that they represent the MCPs (Figs. 2 and 3C) . Six of the structural proteins (gp1, gp34, gp37, gp40, gp41, and gp43) gave a significant BLAST score to other sequences (Table S3) . However, no homologs were detected for the MCPs gp45 and gp46, nor are these proteins homologous to each other. It is possible that in this case, sequence-based methods are unsuitable for detecting homologous proteins, as only their folds, but not the primary sequence, seem to be conserved. However, when the crystal structures are solved they may well reveal similarities to other viruses (16, 17) .
Structure of the SSIP-1 Virion Reveals a T = 49 Capsid Arrangement.
We used electron cryomicroscopy and 3D image reconstruction to determine the structure of the SSIP-1 virion (Fig. 4) . High salinity hampers electron cryomicroscopy by reducing contrast. However, samples plunge-frozen immediately after diluting to 9% SW (see composition in Table S2 ) had enough contrast for imaging. Furthermore, the structural integrity of the virions was retained (Figs. 1F and 4A) .
Icosahedral reconstruction calculated using 2,747 particles yielded a structure of the virion at 12.5-Å resolution (Fig. 4 B-F  and Fig. S2A ). The dimensions of the viral capsid are 106 nm (vertex to vertex), 97 nm (facet to facet), and 95 nm (edge to edge). The capsid exhibits icosahedral symmetry and the capsomers are organized on a T = 49 icosahedral lattice (h = 7, k = 0; Fig. 4C) . A thin fiber-like density (at least 10 nm in length) was occasionally seen extending from icosahedral vertices (Fig. 4A) . However, these were less pronounced in the icosahedral reconstruction than in the original images, possibly due to flexibility. Six-coordinated capsomers (8 per asymmetric unit, 480 in total) make up most of the capsid shell. Only the 12 icosahedral vertexes are occupied by 5-coordinated capsomers, termed "pentons." Interestingly, there are two types of 6-coordinated capsomers, "capped" and "uncapped." Most of the capsomers (7 per asymmetric unit, 420 in total) display a trimeric cap feature on top of a base with sixfold or pseudosixfold symmetry (Fig. 4  D-E) . Fitting of the canonical double β-barrel capsid protein of bacteriophage PM2 (20) to the SSIP-1 icosahedral lattice (Fig.  S2B ) reveals a tight fit supporting the presence of a hexagonal building block in the base of these capsomers as seen previously in PRD1-like viruses (15) . The cap feature is lacking in the 5 capsomers surrounding the penton, termed "peripentonal" capsomers (1 per asymmetric unit, 60 in total) (Fig. 4F) . Instead, six lobes forming most of the density are evident. Furthermore, the shape of these peripentonal capsomers appears asymmetric or threefold rather than sixfold.
The capsid encloses a lipid core, which is 80 nm in diameter (Fig. 4B) . The lipid core harbors the dsDNA genome, engulfed by the membrane. Several weak densities, especially under the icosahedral vertices and possibly corresponding to peripheral or integral membrane proteins, are sandwiched between the lipid bilayer and the capsid. Notable exceptions are the icosahedral twofold positions, at which such densities are absent. At these positions, the capsomers, one at each side of the twofold axis of symmetry, are kinked toward the membrane and may interact directly with it ( Fig. 4 B and D) . The membrane is ∼5 nm thick and interrupted at some locations by densities, possibly corresponding to transmembrane regions of lipid core proteins. Three concentric shells of DNA with an average spacing of 2.0 nm were detected under the membrane (Fig. 4B) . The average packing density of the DNA was calculated to be 0.29 bp/nm 3 .
Evolutionary Perspectives. Several icosahedral, tailless dsDNA viruses have been proposed to belong to the same structural virus lineage with PRD1 (for a recent review, ref. 14). Instead of their respective host or genome type, the classification is based on the fold of their MCPs and virion architecture. Common to all PRD1-like viruses is their icosahedral capsid composed of capsomers with pseudohexameric bases. In addition, the icosahedral vertices are occupied by penton proteins and extended vertex structures. The capsid covers a lipid bilayer enclosing the dsDNA genome. The only exception is adenovirus, where the membrane is absent. The six-coordinated capsomers consist of six vertical β-barrels, which in PRD1 are in the form of a trimer of double β-barrels (15). However, recent findings suggest that the lineage of PRD1-like viruses is divided into two subgroups, those with one MCP, such as PRD1, and those with two (P23-77, SH1, and HHIV-2) (25) (26) (27) . Interestingly, thermophilic P23-77 infects bacteria, whereas extremely halophilic SH1 and HHIV-2 infect archaea. The SSIP-1 structure (Fig. 4 B and C) shares all those common features with PRD1-type viruses. Additionally, SSIP-1 harbors two MCPs akin to P23-77, SH1, and HHIV-2, although the T = 49 capsid arrangement is specific to SSIP-1. On the basis of these similarities, SSIP-1 is a putative member of the PRD1-like viruses, but belonging to the extremophilic subgroup with two MCPs. Over 10 31 viruses reside in the biosphere exceeding the number of their hosts by an order of magnitude. They exert a massive selective pressure on their hosts on a global scale (42) (43) (44) , which means that strong evolutionary forces shape the viral and host genomes. However, the known virion structures are based on a limited number of architectural principles (1, 14, (16) (17) (18) (19) and consequently the enormous sequence diversity is reduced to a limited structure space. How many different viral structural lineages might there be? In our recent global search of some 50 independently acquired unique viruses, we discovered only 1 unique structural type not previously described (11) . Obviously sampling of more viral structures is the only way forward to test our hypothesis. Here, we have taken a small step forward to bring more order to the viral universe.
Materials and Methods
Viruses, Bacteria, Media, and Growth Conditions. SSIP-1 (11) and bacteria (Table S1) were grown aerobically at 37°C in modified growth media (MGM) with varying salt concentrations (45) . SSIP-1 grown on Salisaeta sp. SP9-1 was purified by rate zonal and equilibrium centrifugation. To determine the number of free viruses, the cells were removed by centrifugation (13,800 × g, 5 min, 22°C), and the viruses in the supernatant were determined by plaque assay. For a detailed description of the EM analysis and adsorption assay, see SI Materials and Methods, Thin-Section Electron Microscopy and SI Materials and Methods, Adsorption Assays.
Protein and Lipid Analysis. The proteins were resolved by SDS polyacrylamide electrophoresis (SDS-PAGE) using polyacrylamide or modified polyacrylamide-tricine-SDS gels (46, 47) , and the structural proteins were either identified by N-terminal sequencing performed by degradative Edman chemistry or mass spectrometry (Protein Chemistry Core Laboratory, Institute of Biotechnology, University of Helsinki). For details, see SI Materials and Methods, Protein Identification. Extracted lipids were analyzed by TLC as described in SI Materials and Methods, Lipid Analysis.
Sequencing and Annotation of SSIP-1 Genome. The genome of SSIP-1 was sequenced by conventional Sanger sequencing (LGC Genomics), and analyzed using Geneious software (48) . For a detailed description, see SI Materials and Methods, Sequencing and Annotation of SSIP-1 Genome.
Colony PCR. The possible integration of SSIP-1 into bacterial genomes was studied by a modified colony PCR method using SP9-1 and S. longa cultures at different growth phases as templates. Purified SSIP-1 genome and mQ-H 2 O were used as positive and negative controls, respectively. See SI Materials and Methods, SSIP-1 Colony PCR for primer sequences.
Electron Cryomicroscopy and Icosahedral Reconstruction of SSIP-1 Virions.
Micrographs of plunge-frozen samples in 9% (wt/vol) SW were recorded using a 300-kV transmission electron microscope (F30 Polara; FEI), operated at 59,000× nominal magnification and at liquid nitrogen temperature in lowdose conditions on a CCD camera (Ultrascan 4000; Gatan) leading to a calibrated pixel size of 2.0 Å. A low-resolution initial model of the virion was calculated from class averages in IMAGIC (Image Science) and the reconstruction was refined in EMAN (49), using 3,564 virion images. The resolution was determined using Fourier shell correlation at 0.5 threshold. For a detailed description, see SI Materials and Methods, Electron Cryomicroscopy and Icosahedral Reconstruction of SSIP-1 Virions.
